ABSTRACT The economic threshold (ET) for multiple pest species that share the same injury type on host plants (feeding guild) has been proposed for decision-making in integrated management framework of many defoliating insect pests. However, only a few consider agricultural pests with sucking mouthparts. This study presents the Þrst injury equivalency system for the feeding guild made up of three rice (Oryza sativa L.) planthopper (Hemiptera: Delphacidae) speciesÑNilaparvata lugens (Stål), Sogatella furcifera (Harváth), and Laodelphax striatellus (Fallé n)Ñ by using relative amount of honeydew excretion of each species. The intraspeciÞc injury equivalent coefÞcient was determined; this coefÞcient provides an exchange rate for different developmental stages in a species. N. lugens was chosen as the standard species to obtain interspeciÞc injury equivalents for other individuals in the guild, allowing estimates of total guild injury feasible. For extension purposes, the injury equivalency was simpliÞed by pooling all nymphs and adults in the guild to mitigate the potential confusion resulting from uncertainty of instars or wing form. A matrix of ETs established on previous studies and incorporating changes of management cost and rice price was used and served as a control decision guide for the guild samples. The validity of the proposed injury equivalency system was tested using several Þeld data sets, and the results are generally promising and meaningfully elevate the accuracy of estimating combined injury and damage to rice, suggesting that the proposed system is a better integrated pest management decision-making system compared with conventional practices.
Since the concept of an economic injury level (EIL) was proposed for decision-making of pest management for a major or key pest on a crop (Stern et al. 1959) , Ͼ100 insect pests have been controlled economically based on this concept (Peterson 1996) . However, the crop might be attacked by several pests at the same time, and the number of each insect pest may be well below the EIL or economic threshold (ET), the sum of the injuries caused by these pests has been already far beyond the economic damage to the crop (Pedigo et al. 1986 , Hutchins et al. 1988 , Hutchins and Funderburk 1991 , Peterson et al. 1995 , Peterson 1996 , Hunt et al. 2003 . Therefore, the conventional EIL for a single species may underestimate the real injury of multiple pests to a crop. Accordingly, injury guild and multiple-species EILs were developed to resolve such situations (Pedigo et al. 1986 , Hutchins et al. 1988 , Hutchins and Funderburk 1991 , Peterson et al. 1995 , Peterson 1996 . Insect pests that have the same injury type triggering the same host physiological response and cause comparable injuries to a host can be considered as an injury guild. Therefore, it may be possible to develop a single EIL in standard equivalents for a complex pest composition (Pedigo et al. 1986 ). So far, such multispecies EILs or ETs have been developed for defoliating insect pests on crops (Chen and Su 1982 , Hutchins et al. 1988 , Peterson et al. 1995 , Hunt et al. 2003 , Bueno et al. 2011 ), but none exist for sucking insects.
Rice (Oryza sativa L.) is a staple food in Taiwan and a nationwide cultivated crop, with two crop seasons in a year. Although many insect pests have been recorded on rice, Nilaparvata lugens (Stål), Sogatella furcifera (Harváth), and Laodelphax striatellus (Fallé n), are the most important species. These three planthopper (Hemiptera: Delphacidae) species are typical assimilate removers as they primarily suck the phloem sap from rice plants (Sogawa 1974 (Sogawa , 1976a (Sogawa , 1982 Auclair and Baldos 1982, Khan and Saxena 1984a,b; Kim et al. 1985) and can be considered as an injury guild. All of them complete three to four generations during the crop seasons, and they occur almost at the same time in Taiwan. Among these three species, N. lugens is the most destructive due to its monophagy, larger body size, higher feeding and re-productive ability, and higher tolerance to crowding (Dale 1994 , Denno 1994 . These planthoppers cause severe damage mostly during nymphal stages of the third generation, the generation that generally is present during the heading to milk stage of rice. Feeding by a large number of these planthoppers can result in leaf yellowing and rice plant wilting, a condition known as hopperburn. It can cause yield losses ranging from 10 to 100%, with an average of 30% in the second rice crop season in Taiwan (Cheng 1976) .
To manage severe infestations of N. lugens, a tentative economic threshold on rice plants was determined to be Þve to 10 insects older than the thirdinstar nymph per hill before the milk stage, and 20 nymphs per hill thereafter (Chen and Cheng 1978 , Cheng 1979 , Sogawa and Cheng 1979 . Thus, establishing a multispecies economic threshold for these planthopper pests may be practicable by just converting the potential injury of either S. furcifera or L. striatellus into that equivalents made by N. lugens.
This study is the Þrst attempt to establish an injury equivalency system for sucking insect pests and to evaluate its validity. Unlike defoliators, planthoppers insert their stylets into vascular tissues of a plant and suck the sap from the phloem. During sustained feeding, the insect excretes a large amount of honeydew. This honeydew presence was used as indirect evidence for measuring the feeding amount of the pest itself (Mochida 1972 , Sogawa 1976b . In this way, injury by other individual species can be converted into injury produced by N. lugens as a standard for the guild. By converting guild-member injuries into an injury equivalency system, it can be used for complex pest composition in the guild, and a multiple-species EIL can be developed.
Materials and Methods
Plants and Insects. ÔTaikeng 8Õ (TK8) rice plant, a major cultivar susceptible to rice planthopper in Taiwan, was used to quantify the amount of insect feeding. Ten-day-old seedlings were individually planted in plastic cups (10 cm in diameter by 15 cm in height) and then watered, fertilized (NÐPÐK, 120 Ð 60-60 kg/ ha), and managed according to the government recommendations. The insect feeding tests began at the active tillering stage (Ϸ30 d after transplanting).
The three planthopper species were separately maintained and allowed to multiply in the wire cages (30 mesh per in., 50 by 50 by 90 cm). Cages were placed outside the wall of an insectarium, with air temperatures ranging from 25 to 35ЊC and relative humidity from 80 to 95%. Potted ÔTaichung Native 1Ј (TN1) rice plants were used for mass rearing of the pests, and plants were renewed as needed.
Measurement of Feeding Capacity. The feeding capacity of the three planthopper species were indirectly measured by their honeydew excretion inside an insectarium (Pathak et al. 1982 , Khan and Saxena 1985 , Rubia-Sanchez et al. 2003 . Rice plants were thoroughly cleaned and the outermost leaf sheaths were removed by hand. Honeydew excretion of the third-, fourth-, and Þfth-instar nymphs and adults of both sexes with macropterous and brachypterous forms was measured, each with 30 replicates. Honeydew excretion of Þrst-and second-instar nymphs of all three species and brachypterous male S. furcifera was not measured because the amount of honeydew excretion by these young nymphs is too little to be detected by weighing, and the mortalities of young nymphs were generally high (Dale 1994 , Denno 1994 ; and brachypterous male S. furcifera are rare in natural populations.
Test insects were starved for 4 h before being introduced into paraÞlm sachets that were tightly enclosed on rice stems with one insect per sachet. Infestation was terminated 24 h after introduction, and the weight of the honeydew excreted by each insect on the sachet was measured by a weighing balance (XS125A, Precisa Graviimetrics, Dietikon, Switzerland) to the nearest 0.1 mg. The weight of the vapor from the rice stem in the empty paraÞlm sachets also was determined. If the vapor exists, the data were used to adjust the quantity of honeydew excretion. During the experimental period, the temperature ranged from 28 to 30ЊC, with relative humidity ranging from 80 to 95%, in a walk-in chamber, conditions similar to the environmental conditions of the main occurring period of rice planthoppers in paddy Þelds in Taiwan (Lin 1970) .
To account for the combined injury caused by different species in a guild, N. lugens that had the highest feeding amount was chosen as the standard species to provide interspeciÞc injury equivalents for other individuals in the guild. Multiplying the number of individuals by the injury equivalent coefÞcient, the combined injury caused by a feeding guild can be ascertained by summing up these N. lugens equivalent units. The numbers of guild individuals are thus counted in terms of numbers of N. lugens.
Validation of Injury Equivalency. Field population sampling of the three planthopper species was carried out three times at Chiko experiment farm, Chiayi Agricultural Experiment Station, in the second rice crop season in 2008. The rice was transplanted on 8 August. Weekly sampling began on 24 October through 7 November 2008 during the peak population period. The numbers of each planthopper species older than third-instar nymphs were identiÞed and counted in situ to its stage and instar separately by visual inspection. In total, 120 hills of rice were randomly selected for each sampling, as studied previously (Chen 1981) . These data were used to assess the usefulness of the injury equivalency system.
Statistical Analysis. The excretion data (milligrams) of honeydew by the three planthopper species did not follow homogeneity of variance (LeveneÕs test) (SAS Institute 2004) . Therefore, data were analyzed by WelchÕs analysis of variance (ANOVA) (SAS Institute 2004) , with means separated using the least signiÞcant difference (LSD) test at the 5% signiÞcance level (SAS Institute 2004) .
Results
Honeydew Excretion. The weight of the paraÞlm sachets in all checks 24 h after being attached to rice stems only increased in a range of 0.0 Ð 0.1 mg, so that its inßuence on the data of honeydew excretion was negligible.
Amounts of honeydew excretion for nymphal and adult N. lugens, S. furcifera, and L. striatellus are presented in Table 1 . The three planthopper species excreted signiÞcantly different amount of honeydew. Table 1 also provides the proportion of the amount of honeydew excreted by the thirdÐÞfth instar nymphs and adults of each species and the intraspeciÞc injury equivalent coefÞcients relative to the injury by the third instar. For example, the injury caused by a Þfth-instar nymph of N. lugens was 2.38 times of that by its third-instar nymph, whereas that of brachypterous and macropterous females was 6.96 and 6.54 times, respectively. The intraspeciÞc injury equivalent coefÞcients provide an exchange rate for different developmental stages relative to the third instar within a species.
Interspecific Injury Equivalency. An interspeciÞc injury equivalency system is shown in Table 2 , choosing N. lugens injury as the standard. By multiplying the number of individuals by the injury equivalent coefÞcient, the combined injury caused by a feeding guild can be summed up in terms of numbers of N. lugens equivalents. For example, Þve S. furcifera Þfth-instar nymphs and Þve L. striatellus brachypterous female adults are equivalent to 3.4 (5 ϫ 0.68) and 5.8 (5 ϫ 1.16) N. lugens Þfth-instar nymphs, respectively.
For easy adoption by farmers, honeydew excretion data were pooled and simpliÞed into average values for nymphs and adults (Table 3) . By setting the mean b Excretion of the third-instar nymph of each species is set to 1.00. (Table 3 , bottom). It shows the injury caused by any adult is 2.15 times that of a nymph. Injury Guild-Level EILs. Injury guild-level EILs were developed by using the guild-EIL methodology (Hutchins et al. 1988, Hutchins and Funderburk 1991) . The injury per insect for three rice planthopper species was placed on a common basis through an injury equivalency system (Table 2) , and the injury equivalents of a mixed sample were established.
The relationship between rice yield loss and population level of N. lugens has been established previously (Cheng 1979 , Chen 1981 . The EILs in injury equivalents are calculated by following the formula EIL ϭ C/VKD (I t ) (Hutchins et al. 1988; Hutchins and Funderburk 1991) . The economic thresholds of N. lugens before (Ŷ 1 ) and after (Ŷ 2 ) milk stage of rice was further transformed to Ŷ 1 ϭ 5.06 ϩ 0.0015X 1 Ð 0.61X 2 and Ŷ 2 ϭ 12.18 ϩ 0.0054X 1 Ð 2.17X 2 , where X 1 is control cost and X 2 is the price of rice (Chen 1981) . Note that the ET increases as the control cost gets higher, whereas the higher rice price, the lower ET.
Based on current management cost (X 1 ), rice price (X 2 ) and future changing conditions, the ET matrix was reconstructed to adapt these changes (Table 4) . For example, an X 1 of NT$7,800 and an X 2 of NT$20 (ϷNT$30 ϭ US$1), the ET will be 4.56 injury equivalents per hill for N. lugens before milk stage of rice. And if a Þeld sampling of three species of rice planthopper complex exceeds 4.56 N. lugens-injury equivalents, the control is then warranted.
Validation of Injury Equivalency. Population sampling of the three species of rice planthoppers in the second crop season 2008 are shown in Table 5 . The population of N. lugens was high among three species. The highest population reached 26.95 insects per hill on 7 November. Nymphs were preponderant in all species.
A matrix of ETs was provided to serve as a control decision guide for the guild samples (Table 4) . For example, an X 1 of NT$7,800 and an X 2 of NT$20, the ET will be 4.56 injury equivalents per hill for N. lugens before milk stage of rice. Decision-making for the control necessity was made to each population sample according to the injury equivalency system (Table 6) . It showed the population density of N. lugens in the Þeld on 24 October, 31 October, and 7 November was 1.28, 3.93, and 26.95 insects per hill, respectively. Control is warranted only for the population sampled on 7 November. However, using injury equivalency in Table 2 , the mixed population was equivalent to 4.26, 5.89, and 35.97 N. lugens fourth-instar nymphs, respectively. In this case, control is needed in both populations of 31 October and 7 November. Applying statistics in Table 3 , the number for this guild is equivalent to 3. 70, 5.78, and 35.85 N. lugens nymphs according to the top of the table and 4. 18, 6.09, and 36.20 N. lugens nymphs according to the bottom of the table, respectively. The decision-making remains the same.
Discussion
The planthoppers N. lugens, S. furcifera, and L. striatellus are important insect pests of rice in Taiwan. They are present simultaneously in paddy Þelds, inciting the same type of damage to the rice crop and thus being considered as an injury guild. To facilitate the IPM decision-making process, establishment of a common EIL represents a key step in initiating practical IPM of a planthopper guild on rice.
Judging from the higher amount of honeydew excretion, N. lugens with larger body size consumes more sap and thus excretes more honeydew. In general, older nymphs excreted more honeydew than did younger nymphs. Adult females also excrete more honeydew than do males. The brachypterous females For N. lugens, ET before (Ŷ 1 ϭ 5.06 ϩ 0.0015X 1 Ð 0.61X 2 ) and after (Ŷ 2 ϭ 12.18 ϩ 0.0054X 1 Ð 2.17X 2 ) milk stage as developed by Chen (1981) , where X 1 is management cost and X 2 is crop value (ϷNT$30 ϭ US$1).
excrete the largest amounts among the adults in all species, and both brachypterous and macropterous males excrete about the same amount of honeydew (Table 1 ). The honeydew excreted by a brachypterous N. lugens female in 24 h is Ϸ34.8 mg, a value similar to a previous report (34 Ð38 mg per adult) where data were obtained from adults feeding on a susceptible rice variety (Pathak et al. 1982) .
The tentative economic threshold for N. lugens on rice in Taiwan was Þve to10 nymphs that are older than third instar per hill before the milk stage (Chen and Cheng 1978 , Cheng 1979 , Sogawa and Cheng 1979 , suggesting control is warranted if the converted rice planthopper count in the sample is equivalent to Þve to 10 N. lugens per hill. Multispecies ETs also were developed (Table 4) for the determination of multiple ETs to suit various circumstances in Taiwan.
Field sampling on 24 October, 31 October, and 7 November, during the booting-to-milk stage of rice, indicated that the population density of N. lugens was 1.28, 3.93, and 26.95 insects per hill, respectively (Table 6). Therefore, according to the condition where the management cost (X 1 ) is NT$7,800 and the rice price (X 2 ) is NT$20, the ET will be 4.56 N. lugensinjury equivalents per hill. No control action would be needed except the 7 November population. However, taking the injury guild as a unit and using the injury equivalency system in either Table 2 or 3, control would be needed for all the mixed species populations except the population sampled on 24 October (Table  6 ). Apparently, the 31 October planthopper population was already over the economic threshold level; thus, control is warranted, despite N. lugens density was still lower than current ET level.
Although injury by any instar or stage of the feeding guild species can easily be converted (Table 2) , it seems too complicated for extension purposes because it is not easy to distinguish each instar and wing form of adult of the three planthopper species. It is therefore necessary to simplify the problem by pooling the data into two groups (Table 3) and to assess its validity by the outcome of decision-making compared with that made by the injury equivalency system (Table 2) . Table 6 shows that decisions made by simpliÞed methods were similar to the decisions made based on Table  2 . We are sure that the simpliÞed methods are valid for Table 6 . Decision-making of control necessity based on total N. lugens equivalents of the injury guild to field populations in Table 5 Sampling date Table 2 ; C, rough equivalents based on N. lugens nymphal stage in Table 3 (top); and D, rough equivalents for extension based on three-species pooled data in Table 3 (bottom). a Control warranted at a threshold above 4.56 planthoppers per hill as shown in Table 4 , column 1, row 1.
estimating the combined injury of a guild, and these methods are easier for farmerÕs to adopt in the rice paddy Þelds.
The injury equivalency system of this study was established based on data collected without disturbance. However, in paddy Þelds competition, among species may be keen as their population sizes increase. This competition may reduce the validity of the proposed system. Fortunately, such a situation would occur only at levels beyond some point that the EIL would apply (Hutchins et al. 1988) . If competition becomes signiÞcant for a guild species, it might be accommodated by an appropriate adjustment based on density-injury per individual function implemented by an interactive computer model for a multispecies EIL model (Hutchins et al. 1988) .
Every insect species has a spatial distribution that may change with the growth and development of its host plant as well as with its own population density (Taylor 1984 ). An appropriate sampling method and optimal sample size for rice planthopper guilds in paddy Þelds are therefore needed and require further study.
A multispecies economic threshold that accounts for injury by every individual in the guild greatly increases the accuracy of estimating combined injury and damage to rice, providing a better IPM decisionmaking system than conventional practices. We present this example as the Þrst step toward reÞning IPM decision-making techniques for multiple pest insect species on rice, and we encourage speciÞc adoptions and future reÞnements.
